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Adhesive layers residing at an interface between metal lines 
and dielectric diffusion barrier (or etch stop) layers are used to 
improve electromigration performance of interconnects. 
Adhesion layers are formed by depositing a precursor layer of 
metal-containing material (e.g., material containing Al, Ti, 
Ca, Mg, etc.) over an exposed copper line, and converting the 
precursor layer to a passivated layer (e.g., nitridiZed layer). 
For example, a substrate containing exposed copper line hav 
ing exposed Cu4O bonds is contacted With trimethylalumi 
num to form a precursor layer having AliO bonds and 
AliC bonds on copper surface. The precursor layer is then 
treated to remove residual organic substituents and to form 
AliN, AliH bonds or both. The treatment can include 
direct plasma treatment, remote plasma treatment, UV-treat 
ment, and thermal treatment With a gas such as NH3, H2, N2, 
and mixtures thereof. A dielectric diffusion barrier layer is 
then deposited. 
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INTERFACIAL CAPPING LAYERS FOR 
INTERCONNECTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority under 35 USC 119 
(e) from U. S. Provisional Patent Application No. 61/183,924 
naming Yu et al. as inventors, titled “Interfacial Capping 
Layers for Interconnects,” ?led Jun. 3, 2009, Which is incor 
porated herein by reference in its entirety for all purposes. 

FIELD OF THE INVENTION 

[0002] The present invention pertains to methods of form 
ing layers of material on a partially fabricated integrated 
circuit. Speci?cally, the invention pertains to methods for 
forming an adhesion layer on or Within copper lines for 
improving adhesion of copper to dielectric diffusion barrier 
layers and therefore improving interconnect reliability. 

BACKGROUND 

[0003] Disclosed are methods of forming layers of material 
on a partially fabricated integrated circuit. Speci?cally, the 
disclosed methods form an adhesion layer on or Within cop 
per lines for improving electromigration properties of inter 
connects such as those used in Damascene structures. 
[0004] Damascene processing is a method for forming 
metal lines on integrated circuits. It involves formation of 
inlaid metal lines in trenches and vias formed in a dielectric 
layer (inter layer dielectric). Damascene processing is often a 
preferred method because it requires feWer processing steps 
than other methods and offers a higher yield. It is also par 
ticularly Well-suited to metals such as copper that cannot be 
readily patterned by plasma etching. 
[0005] Ina typical Damascene process How, metal is depos 
ited onto a patterned dielectric to ?ll the vias and trenches 
formed in the dielectric layer. The resulting metalliZation 
layer is typically formed either directly on a layer carrying 
active devices, or on a loWer-lying metalliZation layer. A thin 
layer of a dielectric diffusion barrier material, such as silicon 
carbide or silicon nitride, is deposited betWeen adjacent met 
alliZation layers to prevent diffusion of metal into bulk layers 
of dielectric. In some cases, the silicon carbide or silicon 
nitride dielectric diffusion barrier layer also serves as an etch 
stop layer during patterning of inter layer dielectric (ILD). 
[0006] In a typical integrated circuit (IC), several metalli 
Zation layers are deposited on top of each other forming a 
stack, Where metal-?lled vias and trenches serve as IC con 
ducting paths. The conducting paths of one metalliZation 
layer are connected to the conducting paths of an underlying 
or overlying layer by a series of Damascene interconnects. 
[0007] Fabrication of these interconnects presents several 
challenges, Which become more and more signi?cant as the 
dimensions of IC device features continue to shrink. There is 
a strong need for interconnect fabrication methods that can 
provide interconnects With improved lifetime and reliability. 

SUMMARY 

[0008] One challenging problem encountered during IC 
fabrication is electromigration failure. Electromigration 
occurs When high current densities experienced by an inter 
connect lead to migration of metal atoms With the current, 
and, consequently, lead to formation of voids Within intercon 
nects. Ultimately, formation of voids may lead to failure of 
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the device, knoWn as electromigration failure. During ongo 
ing miniaturization of IC devices, interconnect dimensions 
are decreased, and larger current densities are experienced by 
interconnects. As a consequence, the probability of elec 
tromigration failure increases With such device miniaturiza 
tion. While copper has a greater electromigration resistance 
than aluminum, even in copper interconnects, electromigra 
tion failure becomes a signi?cant reliability problem at 45 nm 
technology node and at more advanced nodes. 

[0009] Electromigration failure has been attributed to the 
folloWing causes. First, the copper surface can be oxidiZed 
easily upon exposure to air or trace amounts of oxygen to 
form copper oxide. HoWever, copper oxide has a relatively 
Weak bond energy (<200 kJ/mol) in comparison to other 
oxides such as SiO2, A1203, or TiO2 (>300 kJ/mol). Further, 
there is poor interfacial bonding energy and therefore poor 
adhesion betWeen dielectric copper diffusion barrier layer 
(e.g., SiN, SiC, or SiCN) and copper line. Poor adhesion has 
been attributed to the presence of surface copper oxide and/or 
Weaker cohesive strength betWeen dielectric diffusion barrier 
materials (e. g., SiN, SiC, or SiCN) and copper as compared to 
copper-metal interactions. 
[0010] Adhesion layers residing at an interface betWeen 
metal (e.g., copper) lines and dielectric diffusion barrier (or 
etch stop) layers that are capable of improving electromigra 
tion performance of interconnects are herein provided. Meth 
ods for forming such caps are also described. Advanta 
geously, the described adhesion layers can be formed as very 
thin layers residing on the upper portion of a metal line at its 
interface With the dielectric diffusion barrier layer, Without 
signi?cantly increasing interconnect resistance. In some 
embodiments, no substantial diffusion of capping material 
into the metal line occurs, and the adhesion layer is cleanly 
segregated at the very top of the line, e. g., on or Within the top 
portion of the line. 
[0011] The embodiments described herein pertain to a 
method for capping or passivating the surface of copper inter 
connects With an atomic layer (or a layer having a thickness 
near atomic) of a second metal (e.g., Al, Ti, Mg, or Ca) or its 
compounds (e.g., compounds having metal-oxygen, metal 
nitrogen, metal-carbon bonds, or their mixtures). The dis 
closed implementations involve exposing the copper inter 
connect surface to at least one metal-containing precursor in 
order to form an atomic layer (a monolayer or a feW mono 
layers) of adsorbed metallic atoms (Which can be chemically 
bonded to the surface), then optionally converting this pre 
cursor layer to a passivated layer (e.g., to a dielectric layer 
having metal-oxygen, metal-nitrogen, metal-carbon bonds 
and essentially no free metal) on copper surface. With this 
approach, adhesion of dielectric copper diffusion barrier (SiN 
or SiC, etc.) to Cu is improved signi?cantly While the resis 
tance of copper interconnect remains unchanged because 
there is minimal to no dopant diffusion into bulk copper lines. 
The meantime to failure of copper electromigration (EM) is 
improved as Well. 

[0012] Advantageously, a thin adhesion layer formed in 
this controlled manner do not signi?cantly increase the resis 
tance of interconnects, as often inadvertently happens When 
large amounts of highly reactive or easily diffusing dopants 
(e.g., Si, or Ge) are deposited onto the interconnect metal. In 
addition, as it Will be described, provided methods are suit 
able for forming adhesions layer from precursor materials 
that are deposited With little or no selectivity onto both 
exposed metal and dielectric. It is understood that methods 
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can be also used When the precursor deposits selectively onto 
the metal layer Without signi?cantly depositing onto the 
dielectric. 

[0013] According to one aspect, a method for forming a 
semiconductor device structure is provided. In one embodi 
ment, the method includes the operations of (a) contacting a 
substrate having an exposed layer of a ?rst metal (e. g., copper 
or copper alloy) and an exposed layer of dielectric With a 
precursor compound comprising a second metal selected 
from the group consisting of aluminum, titanium, magne 
sium, and calcium, to deposit a precursor layer over both the 
dielectric and the ?rst metal; (b) optionally modifying the 
precursor layer at least over the region of the ?rst metal to 
form an adhesion layer; and (c) depositing a dielectric diffu 
sion barrier layer in contact With the adhesion layer. The 
precursor layer, in general, may contain one or more of free 
metal, metal-oxygen, metal-nitrogen, and metal-carbon 
bonds. In some embodiments, the precursor layer may serve 
as an adhesion layer Without requiring further modi?cation. 
In other embodiments, a modifying treatment is necessary, 
e.g., to remove unWanted organic substituents, and/ or to form 
metal-nitrogen, metal-oxygen, metal-carbon, metal-hydro 
gen bonds or mixtures thereof. The type of modifying post 
treatment Will depend on many factors, such as the type of the 
second metal, the nature of the precursor, the nature of the 
formed precursor layer, as Well as on speci?c inter-layer 
dielectric and diffusion barrier materials. 

[0014] In some embodiments, it is preferable that the 
exposed layer of a ?rst metal Ml contains a controlled small 
amount of M1 -oxygen bonds. For example, in some embodi 
ments, a metal oxide layer (e.g., copper oxide layer) having a 
thickness of no more than 10 A is preferred. In these embodi 
ments, a metal-containing precursor containing second metal 
M2 (e.g., an organometallic precursor containing Al, Ti, Ca, 
or Mg) Will controllably react With the oxide to form a pre 
cursor layer comprising M2-oxygen bonds, having nearly 
atomic thickness. For example, When the substrate containing 
a controlled amount of copper oxide on its surface is treated 
With trialkylaluminum, e.g., trimethylaluminum (TMA), at 
an appropriate temperature (substrate temperature of betWeen 
about 80-350° C.), the organometallic precursor Will react 
With the copper oxide surface to form a nearly atomic layer of 
precursor material comprising A140 bonds. The precursor 
material further includes AliC bonds from residual methyl 
groups, Which, in some embodiments, are subsequently 
removed by a post-treatment, designed to form AliN, AliH 
bonds or both, While AliO bonds connecting the layer to 
copper surface remain. As a result an adhesion layer contain 
ing OiAliN and/or OiAliH bonding Will be formed. 
The post-treatment can include direct plasma treatment, 
remote plasma treatment, UV-treatment, and thermal treat 
ment With a gas containing NH3, H2, N2, or mixtures thereof. 
After the post-treatment is completed, a dielectric diffusion 
barrier layer, such as a layer containing doped or undoped 
SiC, SiN or SiCN is deposited. The resulting structure may 
have O-MZ-NiSi bonding, such as OiAliNiSi. 

[0015] For those embodiments Which rely on the reaction 
of organometallic precursor With surface copper oxide, the 
preparation of copper surface prior to contact With the orga 
nometallic precursor, is of high importance. Typically, the 
substrates obtained in semiconductor processing contain rela 
tively large amounts of surface copper oxide (e.g., more than 
20 A) and may also contain other contaminants. While sub 
strates With such large amounts of oxide can be used in some 
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embodiments to form thicker adhesion layers, it is more pref 
erable to reduce the amount of oxide to a nearly atomic layer, 
in order to obtain a more controlled nearly atomic thickness of 
the adhesion layer. It is noted that in the described embodi 
ments, complete removal of oxide is not desired, because the 
organometallic precursor Will not react With the oxide-free 
surface, and oxide of the second metal Will not be formed. In 
other embodiments, hoWever, oxide may not be needed, if a 
precursor layer of a different type (e.g., free metal precursor 
layer) is formed. 
[0016] A variety of pre-treatments can be used to partially 
remove copper oxide Which include direct plasma treatment, 
remote plasma treatment, UV-treatment, and thermal treat 
ment With a reducing gas, such as With a gas containing NH3, 
H2, N2, or mixtures thereof. In some embodiments, the cop 
per oxide is removed completely (e.g., using more aggressive 
or prolonged pre-clean conditions) and a neW layer of copper 
oxide having controlled thickness (e.g., no more than about 
10 A) is groWn on the copper surface by contacting exposed 
copper With oxygen-containing process gas (e. g., containing 
02 and/or H2O) under strictly controlled conditions. 
[0017] Notably, in many embodiments, the copper line 
resides in a layer of ultra loW-k (ULK) dielectric having a 
dielectric constant of less than about 2.8. These materials are 
often mechanically Weak and can be easily damaged. In some 
embodiments, pre-treatment of copper surface, and/or post 
treatment of adhesion layer (e.g., nitridiZing post-treatment) 
are performed such as to minimize damage to the exposed 
dielectric layer. In some cases, direct plasma treatment may 
be too damaging for porous and/or organic dielectric materi 
als, and UV treatment, thermal treatment, or remote plasma 
treatments are preferred. Pre-clean, deposition of the precur 
sor layer, and post-treatment may be performed in a CVD 
apparatus Without a vacuum break, e.g., in the same process 
chamber. In some embodiments, it is preferable that the sub 
strate remains in a reducing atmosphere throughout pre 
clean, precursor layer deposition, and post-treatment pro 
cesses. 

[0018] In some embodiments, metal-containing precursor 
layers are formed by contacting the substrate With a volatile 
metal-containing precursor, such as metal halide, metal 
hydride, metal carbonyl, or a volatile organometallic com 
pound, under temperatures and pres sures suitable for adsorb 
ing the precursor on the exposed metal interconnect and/or 
causing precursor decomposition and/or reaction With sur 
face oxide to form a metal-containing precursor layer on a 
substrate. 

[0019] A number of metals are suitable as elements for 
forming the adhesion layers. These include, for example, Al, 
Ti, Ca, and Mg. Alloys and solid solutions of these metals 
With each other or With other metals may be also employed. 
Suitable volatile precursors for an aluminum-containing pre 
cursor layer include but are not limited to trimethylaluminum, 
dimethylaluminum hydride, triethylaluminum, triisobutyla 
luminum, and tris(diethylamino)aluminum. Suitable precur 
sors for deposition of titanium-containing precursor layers 
include but are not limited to tetrakis(dimethylamino)tita 
nium (TDMAT), tetrakis(diethylamino)titanium (TDEAT), 
tetrakis(ethylmethylamido)titanium, and bis(diethylamino) 
bis(diisopropylamino)titanium. 
[0020] As mentioned, after the precursor layer containing 
metal is applied, it is optionally modi?ed to form a capping 
adhesion layer, e.g., to form an adhesion layer containing 
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metal-nitrogen, metal-oxygen, metal-carbon, metal-hydro 
gen bonds or combinations thereof. 

[0021] Generally, a number of processes can be used to 
further modify the precursor layers. In one embodiment, the 
precursor layer is modi?ed by exposing the substrate to a 
nitrogen-containing reactant in a plasma discharge. For 
example, NH3, N2H4, amines, N2 and mixtures thereof can be 
used. In a speci?c example, an aluminum or aluminum oxide 
layer is modi?ed by contacting the substrate With a mixture of 
N2 and NH3 in a plasma. In other embodiments, a precursor 
layer is modi?ed by exposing the substrate to an oxygen 
containing compound (e.g., 02, N20, or CO2) in a plasma 
discharge, to form an adhesion layer containing metal-oxy 
gen bonds. Yet in other embodiments a metal or metal oxide 
precursor layer is modi?ed With a carbon containing reactant 
(e. g., CxHy) in a plasma to form a passivated layer containing 
metal-carbon bonds. As previously mentioned, metal-nitro 
gen bonds and/ or removal of alkyl groups from the precursor 
layer can be also performed by remote plasma treatment, 
UV-treatment, and thermal treatment With a gas containing 
NH3, H2, N2, or mixtures thereof. 
[0022] In some embodiments, after the precursor layer is 
formed (and optionally modi?ed to form an adhesion layer), 
an etch stop layer or a dielectric diffusion barrier layer (e.g., 
a layer comprising doped or undoped silicon carbide or sili 
con nitride) is deposited onto the adhesion layer. In other 
embodiments, the capping layer itself may serve as an etch 
stop layer or a dielectric diffusion barrier layer, and no sepa 
rate etch stop layer is required. In the latter embodiment 
inter-metal dielectric is deposited directly onto the capping 
layer. 
[0023] Advantageously, in some embodiments, the entire 
cap-forming process, and diffusion barrier (or etch stop) 
deposition process are performed sequentially in one module 
Without a vacuum break. A PECVD module apparatus having 
multiple stations Within one chamber, or having multiple 
chambers, is a suitable apparatus for such deposition. Both 
metal-containing layers and dielectric layers can be deposited 
sequentially in one PECVD apparatus Without a vacuum 
break. For example, in one embodiment, the process involves 
depositing a metal-containing precursor layer, converting the 
precursor layer to a metal oxide capping layer, modifying the 
capping layer by contact With a nitrogenous plasma, and 
forming the dielectric diffusion barrier or an etch stop layer, 
Wherein all operations are performed in one apparatus With 
out a vacuum break. 

[0024] The devices formed using these methods may have 
improved electromigration properties and also may exhibit 
greater adhesion at the metal/ dielectric diffusion interface. 

[0025] According to another aspect, a semiconductor 
device is provided. The semiconductor device includes a 
region of dielectric material and a region of copper or copper 
alloy Which is embedded in the dielectric material. The device 
further includes a layer comprising a metal oxide, such as 
aluminum oxide, Which is disposed on the layer of dielectric 
and on the region of copper or copper alloy. The metal oxide 
layer may be modi?ed to incorporate some nitrogen, at least 
on the face opposite the copper interconnect. In some 
embodiments, the metal oxide is selectively located on the 
copper or copper alloy, With little or no metal oxide on the 
dielectric layer. In one embodiment, the device comprises a 
layer of copper embedded in a ULK dielectric layer having a 
dielectric constant of less than about 2.8; and a dielectric 
diffusion barrier layer at an interface betWeen the copper 
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layer and the ULK dielectric layer, Wherein the interface 
includes an adhesion layer having O-MZ-NiSi adhesion 
(resulting from, e. g., bonding) betWeen the copper layer and 
the dielectric diffusion barrier layer, Wherein M2 is selected 
from the group consisting of Al, Ti, Ca, and Mg. 
[0026] According to another aspect, an apparatus for form 
ing a adhesion layer on or Within a metal portion of a partially 
fabricated semiconductor device, is provided. The apparatus 
includes: (a) a process chamber having an inlet for introduc 
tion of reactants; (b) a Wafer support for holding the Wafer in 
position during formation of the adhesion layer; and (c) a 
controller comprising program instructions for depositing the 
adhesion layer. The instructions include instructions for: (i) 
applying a precursor layer comprising metal over exposed 
portions of metal and optionally the dielectric on the Wafer 
substrate; and (ii) optionally modifying the precursor layer 
(e.g., a metal or metal oxide layer) by contact With nitrogen, 
carbon, and/ or oxygen containing environment such as a 
plasma. In some embodiments the apparatus is a PECVD 
apparatus. The recited operations may be performed sequen 
tially at one station of a multi-station apparatus. In other 
embodiments, some operations may be performed at a ?rst 
station of the apparatus, While others may be performed at a 
different station. One station may be con?gured for processes 
performed at a ?rst temperature, While another station may be 
con?gured for processes performed at different temperature. 
For example, deposition of the precursor layer may be per 
formed at one station of a multi-station apparatus at a ?rst 
temperature, While subsequent modi?cation of the precursor 
layer may be performed at a different temperature at a differ 
ent station. The substrate may be transferred betWeen the 
stations Without a vacuum break. In other embodiments, the 
process may be analogously implemented in a multi-chamber 
apparatus, Where the substrate may be transferred betWeen 
the chambers Without exposing the substrate to ambient con 
ditions. 
[0027] In some embodiments the apparatus includes one or 
more process chambers con?gured for semiconductor device 
processing and a controller comprising program instructions 
for: (a) pre-treating a semiconductor substrate having an 
exposed metal oxide layer to controllably remove a portion of 
the metal oxide Without completely removing all of the metal 
oxide; (b) contacting the semiconductor substrate With a pre 
cursor compound comprising a second metal M2 to react With 
the metal oxide and to form an adhesion layer comprising 
M2-oxygen bonds at least on the layer of the ?rst metal; and 
(c) depositing a dielectric diffusion barrier onto the semicon 
ductor substrate in contact With the adhesion layer. In some 
embodiments, the instructions for forming the adhesion layer 
comprise instructions for contacting the substrate With an 
organometallic precursor in an absence of plasma to form a 
precursor layer having M2-O bonds and subsequently post 
treating the precursor layer to remove organic substituents 
(e.g., alkyl groups) from the layer and to form M2-N and/or 
M2 -H bonds. The instructions for po st-treatment may include 
instructions for direct plasma treatment, remote plasma treat 
ment, UV-treatment, and thermal treatment With a gas con 
taining NH3, H2, N2, or mixtures thereof. 
[0028] These and other features and advantages of the 
present invention Will be described in more detail beloW With 
reference to the associated draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] FIGS. 1A-1E shoW cross sectional depictions of 
device structures created during a copper dual Damascene 
fabrication process. 
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[0030] FIG. 2 presents an example process How diagram of 
a cap-forming process according to some embodiments. 
[0031] FIG. 3 presents an example process How diagram of 
a cap-forming process using trialkylaluminum precursor on a 
copper surface having a controlled amount of copper oxide. 
[0032] FIG. 4 is an experimental plot shoWing results of a 
TOE-SIMS analysis of tetramethylaluminum-treated copper 
surface. 
[0033] FIG. 5 is a schematic presentation of a PECVD 
process chamber suitable for forming capping layers in accor 
dance With some embodiments described herein. 
[0034] FIG. 6 is a schematic presentation of an exemplary 
multi-station apparatus suitable for semiconductor process 
ing according to embodiments described herein. 
[0035] FIG. 7 is a schematic presentation of another 
example of a multi-station apparatus suitable for semicon 
ductor processing according to embodiments described 
herein. 
[0036] FIG. 8 is an experimental plot illustrating copper 
resistance before and after treatment With trimethylalumi 
num. 

[0037] FIG. 9 is an experimental plot illustrating adhesion 
of copper to diffusion barrier layer in structures With and 
Without adhesion layers. 
[0038] FIG. 10 is an experimental plot illustrating adhesion 
of inter-metal dielectric (IMD) to diffusion barrier layer in 
structures With and Without adhesion layers. 
[0039] FIG. 11 is an experimental plot illustrating elec 
tromigration failure rates for interconnects With and Without 
adhesion layers. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

Introduction and Overview 

[0040] Electromigration is becoming a signi?cant reliabil 
ity problem in IC fabrication, as the dimensions of devices 
continue to decrease, and current densities experienced by 
interconnects are increasing. Electromigration manifests 
itself in migration of metal atoms With the current, and in 
formation of voids Within the interconnect. Formation of 
voids can subsequently lead to device failure. Migration of 
metal atoms is particularly pronounced at metal/diffusion 
barrier interfaces and along grain boundaries. At 90 nm and 
45 nm technology nodes and beyond, methods for improving 
electromigration performance are needed. While electromi 
gration performance can be improved by introducing dopant 
elements into interconnect, such dopants are typically have 
higher resistivity than the interconnect metal (e.g., Cu) and 
can signi?cantly increase interconnect resistance. Thus, 
uncontrolled doping of interconnect metal can lead to inter 
connects With unacceptably high resistance. 
[0041] A method for a controlled formation of adhesion 
layers (also referred to as adhesion layers) on or Within a 
metal interconnect surface is disclosed herein. As a result, 
very thin (e.g., having nearly atomic thickness) adhesion 
layers can be formed on the upper portion of metal lines, 
typically, at the interface betWeen the metal and the dielectric 
diffusion barrier (or etch stop) layer. The adhesion layers 
include a bonded or unbonded metal, such as free unbonded 
metal, oxygen-bonded metal, nitrogen-bonded metal, car 
bon-bonded metal or their combinations. Examples of the 
metals for the capping layer (Whether existing in free metallic 
form or as an oxide or other compound thereof) include 
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aluminum, titanium, calcium, and magnesium. These metals 
can also be used in combinations With each other or With other 
elements. In general, a variety of metals can be used. Speci?c 
examples of bonding in adhesion layers residing at an inter 
face betWeen copper line and a dielectric diffusion barrier 
(e.g., SiC or SiN) include O-MZ-NiSi, Where M2 is selected 
from the group consisting of Al, Ti, Ca, and Mg. In some 
embodiments, the metal M2 in the adhesion layer is bonded 
(preferably including O-M2 motif) and essentially no free 
metal remains in the adhesion layer. In other embodiments 
free metal may be present in addition to the bonded metal, or 
substantially all of the adhesion metal may be present in free 
form (or as an alloy With the line metal). The nature of the 
adhesion layer Will depend on particular precursors used, and 
on deposition conditions. 
[0042] In some embodiments, a device comprising 
OiAliNiSi bonding is formed by contacting a substrate 
having an exposed copper layer having Cu4O bonds on the 
surface With a trialkylaluminum precursor in an absence of 
plasma to form a thin nearly atomic layer containing A140 
bonds. The layer is then post-treated to form AliN and/or 
AliH bonds and to remove residual alkyl groups, While 
AliO bonds remain. After post-treatment, a dielectric diffu 
sion barrier layer comprising doped or undoped SiC, SiN, or 
SiCN is deposited by PECVD in contact With the adhesion 
layer. 
[0043] Formation of adhesion layers on interconnect sur 
faces Will be illustrated in the context of a copper dual Dama 
scene processing. It is understood, that methods disclosed 
herein can be used in other processing methods, including 
single Damascene processing, and can be applied to a variety 
of interconnect metals beyond copper. For example, these 
methods can be applied to aluminum, gold, and silver-con 
taining interconnects. 
[0044] Other available techniques for protecting copper 
interconnects include the folloWing, Which may in some 
instances be used in conjunction With the thin surface layer 
protection described above. 
[0045] l. Dopant Diffusion 
[0046] The presence of alloying elements (foreign metallic 
atoms) in copper can improve EM performance due to inter 
actions of the dopant and copper in the lattice. This approach, 
in some embodiments, is implemented by using a CuiAl 
alloy seed layer for Cu electroplating. In this approach, after 
the vias and trenches have been formed in the dielectric layer, 
and after they have been conformally lined With a partially 
conductive diffusion barrier material (Which may include Ta, 
Ti, W and nitrides thereof), a seed layer material containing 
both copper and aluminum is conformally deposited typically 
by PVD. The vias and trenches are then ?lled With copper 
typically by electroplating, and aluminum is alloWed to dif 
fuse into copper-?lled lines typically after a thermal anneal. 
In other embodiments, after the copper lines have been ?lled 
With copper, a layer of aluminum is deposited on copper 
surface (e.g., by PVD or CVD) and thermal anneal is con 
ducted to alloW aluminum diffuse into copper. 

[0047] 2. Self-Aligned Barrier (SAB) 
[0048] A capping layer on copper surface can also improve 
copper electromigration resistance. This approach is 
achieved in some embodiments using metallic alloy cap 
deposition, e.g., CoWP cap deposition. In this approach, a 
CoWP layer is selectively electrolessly deposited on copper 
surface Without depositing on adjacent dielectric. Such caps 
can signi?cantly improve electromigration performance of 
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copper interconnects. However, a potential drawback of this 
kind of metallic barriers is that their deposition selectivity is 
typically poor on IMD dielectric surface. Therefore, metallic 
elements deposited between copper lines can cause leakage 
current and result in poor TDDB (Time Dependent Dielectric 
Breakdown). 
[0049] In other embodiments PECVD self-aligned barriers 
are used, in which CuSiN barrier layers are formed within 
copper lines using PECVD. This method alleviates the poten 
tially poor selectivity issues of CoWP capping mentioned 
above. In this method, the copper surface is pre-cleaned to 
remove copper oxide, and silane is contacted with the sub 
strate in an absence of plasma to selectively form copper 
silicide at the upper surface of the interconnect line without 
reacting with the dielectric. “Nitrogen pinning” is then 
effected by applying an NH3 anneal/plasma to form a CuSiN 
barrier. In other words, the CuSiN barrier is formed by modi 
fying the surface of the copper interconnect, rather than by a 
deposition technique. This technique has a trade-off between 
EM improvement and Cu resistance increase. 
[0050] Damascene Process Flow 
[0051] Presented in FIGS. 1A-1D, is a cross sectional 
depiction of device structures created on a semiconductor 
substrate at various stages of a dual Damascene fabrication 
process. A cross sectional depiction of a completed structure 
created by the dual Damascene process is shown in FIG. 1E. 
“Semiconductor substrate” as used in this application is not 
limited to the semiconductor portions of an IC device, but is 
broadly de?ned as a semiconductor-containing substrate. 
Referring to FIG. 1A, an example of a partially fabricated IC 
structure, 100, used for dual Damascene fabrication is illus 
trated. Structure 100, as illustrated in FIGS. 1A-1D, is part of 
a semiconductor substrate, and, in some embodiments, may 
directly reside on a layer containing active devices, such as 
transistors. In some embodiments, it may directly reside on a 
metalliZation layer or on other layers that incorporate con 
ductive materials, e. g., layers containing memory capacitors. 
[0052] A layer 103 illustrated in FIG. 1A is a layer of 
inter-metal dielectric, which may be silicon dioxide but is 
more typically a low-k dielectric material. In order to mini 
miZe the dielectric constant of the inter-metal dielectric stack, 
materials with a k value of less than about 3 .5, preferably less 
than about 3 .0 and often as lower than about 2.8 are employed 
as inter layer dielectrics. These materials include but are not 
limited to ?uorine or carbon doped silicon dioxide, organic 
containing low-k materials and porous doped silicon dioxide 
based materials known to those of skill in the art. Such mate 
rials can be deposited, for example, by PECVD or by spin-on 
methods. 
[0053] In some embodiments, ULK dielectrics with low 
dielectric constant but with relatively poor mechanical prop 
erties are used in order to maximiZe electrical performance of 
the device. When mechanically weak, porous and organic 
dielectrics (e. g., dielectrics having k less than about 2.8 such 
as less than about 2.4) are used, special care is often taken to 
reduce dielectric damage during processing steps. In some 
embodiments, the use of direct plasma is entirely avoided in 
capping layer formation, in order to protect exposed ULK 
dielectric. 
[0054] Dielectric layer 103 is etched with line paths 
(trenches and vias) in which a partially conductive metal 
diffusion barrier 105 is deposited, followed by inlaying with 
copper conductive routes 107. Because copper or other 
mobile conductive material provides the conductive paths of 
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the semiconductor substrate, the underlying silicon devices 
and dielectric layers proximate to metal lines must be pro 
tected from metal ions (e. g., Cu2+) that might otherwise dif 
fuse or drift into the silicon or inter-layer dielectric and result 
in degradation of their properties. Several types of metal 
diffusion barriers are used in order to protect the dielectric 
layers of the IC device. These types may be divided into 
partially conductive metal-containing layers such as 105 and 
dielectric barrier layers which will be described in further 
detail with reference to FIG. 1B. Suitable materials for par 
tially conductive diffusionbarrier 105 include materials, such 
as tantalum, tantalum nitride, titanium, titanium nitride and 
the like. These are typically deposited onto a dielectric layer 
having vias and trenches by a PVD or an ALD method. 

[0055] Copper conductive routes 107 can be formed by a 
number of techniques, including PVD, electroplating, elec 
troless deposition, CVD, etc. In some implementations, the 
method of forming a copper ?ll includes depositing a thin 
seed layer of copper by PVD and subsequently depositing 
bulk copper ?ll by electroplating. Since copper is typically 
deposited with overburden residing in the ?eld region, chemi 
cal mechanical polishing (CMP) or other material removal 
operation (such as electropolishing) is needed to remove the 
overburden and to obtain a planariZed structure 100. 

[0056] Next, referring to FIG. 1B, after the structure 100 
has been completed, the surface of the substrate 100 is option 
ally pre-cleaned to remove contaminants and metal oxide 
(e.g., copper oxide). In some embodiments, it is preferable to 
leave a controlled amount of copper oxide (e.g., a mono 
layer), such that it would controllably react with a metal 
containing precursor to form an adhesion layer of nearly 
atomic thickness. In some embodiments, no more than 10 A 
of metal oxide (e.g., copper oxide) remain on the surface of 
the metal lines. 
[0057] After the pre-clean, a precursor layer containing a 
bound or unbound metal (e. g., Al, Ti, Ca, Mg or combinations 
thereof) is applied onto copper lines 107 and, in many cases, 
onto dielectric 103. The copper/ dielectric selectivity of depo 
sition may be complete, partial, or it may be entirely absent. 
The selectivity generally depends on the nature of precursor, 
nature of dielectric, and on deposition conditions. While 
FIGS. 1A-1E illustrate selective formation of the adhesion 
layer 108 at the top portion of copper lines, it is understood 
that in many embodiments, a metal-containing precursor 
layer will be formed on the dielectric 103. 

[0058] WhenAl, Ti, Ca or Mg are used as the second metal 
M2 in the adhesion layers, the precursor layer formed on an 
oxide-containing copper surface, will typically quickly form 
M2-O bonds. In some embodiments, the volatile metal-con 
taining precursor is adsorbed on the substrate surface and is 
allowed to react with copper oxide for a period of time. In 
other cases the reaction is essentially immediate. Typically, 
an M2-O containing layer will be also spontaneously formed 
on the layer of dielectric and on exposed portions of partially 
conductive diffusion barrier (e.g., Ta or TaN), because dielec 
tric and diffusion barrier layers will often contain oxygen on 
the surface. The precursor layer, in addition to M2-O bonds, 
can also include M2-C bonds and residual organic groups 
remaining after partial decomposition of organic precursors. 
[0059] The precursor layer containing bound or unbound 
metal in some embodiments may be modi?ed by nitridation, 
carboniZation, or oxidation. A post-treatment may also be 
used to remove alkyl groups and/or to form M2-H bonds. In 
the case of aluminum-containing precursor layer having 
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OiAl4C bonding, a nitridiZing and/ or hydro genating treat 
ment to form OiAliN and/or OiAliH and to remove 

alkyl residues, is preferred. Oxidative treatment With oxygen 
containing process gas is usually less preferred, particularly 
in the presence of easily damaged ULK dielectric. 
[0060] In those cases Where conductive metal deposited on 
the dielectric layer has not been completely converted to 
oxide upon deposition, the precursor layer on the dielectric is 
completely converted to a non-conductive oxide, nitride or 
carbide layer (or their combinations) over the regions of 
dielectric in the post-treatment step, to prevent shorting 
betWeen adjacent metal lines 107. 

[0061] The thickness of adhesion layers can be controlled 
by controlling the amount of material deposited in the pre 
cursor layer, and by controlling the degree of modi?cation 
during post-treatment of the layer. In many embodiments, it is 
preferable that a thin adsorption-limited layer is formed, cor 
responding to essentially an atomic monolayer of material. In 
some embodiments, the thickness of the adhesion layer is 
controlled by controlling the amount of CuiO bonds on the 
copper surface. In some embodiments, it is preferable that no 
more than 10 A of copper oxide remain on the surface. Fur 
ther, While in some embodiments free metal in adhesion layer 
is permitted, in other embodiments it is preferred that sub 
stantially all bonding metal resides in the adhesion layer in a 
bound form (e.g., containing metal-oxygen, metal-carbon, 
metal-nitrogen bonds or combinations thereof). Such bond 
ing minimizes diffusion of free metal into copper line and 
reduces associated increase in resistance. In some embodi 
ments, the thickness of the formed adhesion layer is less than 
about 20 A, such as less than about 10 A. 

[0062] In some embodiments, an adhesion layer containing 
metal-oxygen, metal-carbon, metal-nitrogen bonds or their 
combinations, formed in this manner also serves as a diffu 
sion barrier layer. In other embodiments, a separate diffusion 
barrier (or etch stop) layer is deposited on top of the adhesion 
layer. As mentioned, such diffusion barrier layer may include 
doped or undoped silicon carbide or silicon nitride, as Well as 
silicon carbonitride. 

[0063] As depicted in FIG. 1B, the ?lm 109 may include a 
single adhesion layer (e. g., a layer containing A140 bonds) 
or a bi-layer containing an adhesion layer adjacent to copper 
lines 107 and an upper dielectric diffusion barrier layer (e.g., 
a doped silicon carbide layer) residing on the adhesion layer. 
In those embodiments, Where the thickness of the adhesion 
layer is no more than about 20 A, the use of separate dielectric 
diffusion barrier is usually preferred to ensure a more robust 
protection against copper diffusion. In some embodiments, if 
thicker adhesion layers are used, inter-metal dielectric 111 
can be deposited directly onto the adhesion layers, Without 
the need for a separate dielectric diffusion barrier layer 109. 

[0064] In the embodiment Where the interface ?lm includes 
a separate dielectric diffusion barrier layer, the dielectric dif 
fusion barrier layer is deposited on top of the adhesion layer, 
typically by a PECVD method. In one embodiment, deposi 
tion of a precursor layer, po st-treatment of the precursor layer, 
and deposition of dielectric diffusion barrier layer is per 
formed in one PECVD apparatus Without breaking the 
vacuum. In some embodiments, it is preferable to perform 
copper surface preparation (pre-clean), precursor layer depo 
sition (e.g., TMA exposure), post-treatment of the precursor 
layer (e.g., nitridation), and all intermediate substrate han 
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dling, While maintaining the substrate in a reducing atmo 
sphere (e.g., Without exposure to even traces of oxygen or 
Water vapor). 
[0065] Referring again to FIG. 1B, a ?rst dielectric layer, 
111, of a dual Damascene dielectric structure is deposited 
onto the ?lm 109. This is folloWed by deposition of an 
optional etch stop ?lm 113 by a PECVD method on the ?rst 
dielectric layer 111. The dielectric layer 111 is typically com 
posed of loW-k dielectric materials such as those listed for a 
dielectric layer 103. Note that layers 111 and 103 need not 
necessarily have identical composition. 
[0066] The process folloWs, as depicted in FIG. 1C, Where 
a second dielectric layer 115 of the dual Damascene dielectric 
structure is deposited in a similar manner to the ?rst dielectric 
layer 111, onto an etch-stop ?lm 113. Deposition of an anti 
re?ective layer (not shoWn) and a CMP stop ?lm 117 folloWs. 
Second dielectric layer 115 typically contains a loW-k dielec 
tric material such as those described above for layers 103 and 
111. A CMP stop ?lm 117 serves to protect the delicate 
dielectric material of inter-metal dielectric (IMD) layer 115 
during subsequent CMP operations. Typically, a CMP stop 
layer is subject to similar integration requirements as a diffu 
sion barrier and etch stop ?lms 109 and 113, and can include 
materials based on silicon carbide or silicon nitride. 

[0067] The dual Damascene process continues, as depicted 
in FIGS. 1D-1E, With etching of vias 119 and trenches 121 in 
the ?rst and second dielectric layers. Standard lithography 
techniques are used to etch a pattern illustrated in FIG. 1D. A 
trench-?rst or a via-?rst methods Well knoWn by those of skill 
in the art may be employed. 
[0068] Next, as depicted in FIG. 1E, these neWly formed 
vias and trenches are, as described above, coated With a metal 
diffusion barrier 123, Which may contain barrier materials, 
such as tantalum, tantalum nitride, titanium nitride or other 
materials that effectively block diffusion of copper atoms into 
the dielectric layers. 
[0069] After the diffusion barrier 123 has been deposited, a 
seed layer of copper is applied (typically by a PVD process) 
to enable subsequent electro?lling of the features With copper 
inlay. In some embodiments Where the metal diffusion barrier 
is a relatively highly conductive material, no seed layer is 
required. In either case, the copper layer is deposited e.g., by 
electro?ll, and excess of metal deposited in the ?eld is 
removed in a CMP operation, performed such that CMP stops 
at the CMP stop ?lm 117. FIG. 1E shoWs the completed dual 
Damascene process, in Which copper conductive routes 124 
and 125 are inlayed (seed layer not depicted) into the via and 
trench surfaces over barrier 123. FIG. 1E illustrates three 
interconnects, Where copper lines have been doped in a con 
trolled fashion. 
[0070] If further processing is required, a dielectric diffu 
sion barrier ?lm similar to ?lm 109 and adhesion layers 
similar to caps 108 are formed on top of the structure depicted 
in FIG. 2E, and deposition of a neW metalliZation layer fol 
loWs. 
[0071] Device Structures 
[0072] As it Was explained, copper electromigration occurs 
due to a drift of copper atoms at copper/ diffusion barrier 
interface under an electrical ?eld. One of methods to improve 
copper electromigration is to increase the cohesive strength or 
bonding energy betWeen copper and barrier dielectric such 
that copper atoms Will not move under stress. The native 
copper oxide formed on the Cu surface after CMP and air 
exposure signi?cantly degrades the adhesion of barrier 



US 2010/0308463 A1 

dielectric onto Cu. In some embodiments, a clean copper 
surface Without copper oxide helps the adhesion at this inter 
face. 

[0073] In the disclosed process, foreign atoms of at least 
one metallic element M2 (in bound or unbound form) are 
introduced onto the copper surface to “pin” surface copper 
atoms and to prevent electromigration. More than one metal 
lic element may be used in the described adhesion layer. In 
some embodiments, those metals are selected as bonding 
agents, Which have M2 -0 bond energy that is greater than that 
of copper oxide (Cu2O). 
[0074] The bonding M2 atoms are introduced by exposing 
the copper surface to at least one precursor containing the 
bonding metallic element. Organometallic precursors, metal 
hydrides, metal carbonyls or other appropriate precursors can 
be used for this purpose. Preferably, the substrate containing 
exposed copper and dielectric surfaces is exposed to the pre 
cursors in an absence of plasma, under appropriate conditions 
to form a precursor layer. In some embodiments, the copper 
surface contains a small amount of copper-oxygen bonds on 
its surface, Which are capable of reacting With the precursor to 
form M2-O bonds. The dielectric Will also typically contain 
oxygen on its surface and Will be able to oxidiZe the precursor 
to form M2-O bonds. 

[0075] According to thermodynamics, the free energy of 
oxide formation for some metallic elements is loWer than that 
of Cu2O and SiO2. These include TiO2, A1203, MgO, CaO, 
etc. That means the latter metallic oxides are more stable than 

Cu2O and SiO2. For example, When Al atoms are added onto 
Cu2O surface, Al atoms Will reduce Cu2O into Cu and form 
A1203 Which is stable and can prevent copper from oxidation 
When it exposes to air or ambient oxygen. Al in a form of 
A1203 is stable, impermeant, and immobile and Will not dif 
fuse into copper line to increase copper resistance. It Will not 
diffuse into surrounding IMD dielectric layer or form any 
conducting layer to cause dielectric leakage or increase the 
dielectric constant, k. Since this is a spontaneous chemical 
reaction, the addition of Al atoms Will form an A1203 passi 
vation layer on both Cu metal line and surrounding IMD 
dielectric material (SiO2 or loW-k dielectric containing SiO2). 
Titanium, aluminum, magnesium, and calcium Will have a 
similar reaction. Deposition of these elements on copper lines 
having small amount of surface oxide, and on dielectric (par 
ticularly on SiOZi based dielectric) to form M2-O contain 
ing layers is particularly preferred. It is understood that the 
discussion above is someWhat simpli?ed, as stoichiometric 
copper and metal oxides may not be alWays involved. These 
bonding metals, hoWever, can be generally used for treating 
surfaces containing Cu4O bonds of various stoichiometry 
(Which Will also be referred to as copper oxide to preserve 
clarity). These bonding metals can further form M2-O con 
taining layers on a variety of dielectric surfaces Which need 
not necessarily contain SiO2, but Which may contain other 
forms of bound oxygen on their surface (e. g., residual mois 
ture). 
[0076] Some other metallic oxides have higher free energy 
of oxide formation than SiO2. For example, these include 
MnO, ZnO, SnO, NiO, CoO, etc. Addition of these metal 
atoms onto a copper interconnect structure Will also result in 
formation of M2-O bonds on a copper surface having Cu4O 
bonds. HoWever, these metals Will not be oxidiZed on the 
surface of surrounding IMD dielectric if SiO2 based dielectric 
is used (at least not during formation of the adhesion layer). In 
these instances the presence of free metal atoms on the dielec 
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tric may result in leakage and/ or poor time-dependent dielec 
tric breakdown (TDDB). In these cases, a post-treatment to 
form a non-conductive layer With M2-O, M2-N, M2-C bonds 
or combinations thereof on the IMD, Will be appropriate. 

[0077] In one embodiment, an inter-layer dielectric layer 
has a thickness of betWeen about 1,000-10,000 A. The dielec 
tric layer can include a variety of ILD materials, such as 
loW-k, and ultra loW-k dielectrics knoWn to those of skill in 
the art. For example, carbon-doped silicon oxide, as Well as 
porous and/or organic dielectric materials With k less than 
about 2.8, such as less than about 2.4 may be used. A copper 
line (Which may include copper alloys) embedded in the 
dielectric can have a thickness of betWeen about 500-10,000 
A, of Which preferably no more than about 10%, more pref 
erably no more than about 2% is occupied by the adhesion 
layer, as measured by layer thickness. In some embodiments 
the adhesion layer residing at the top of the copper line is less 
than about 10 atomic layers thick, such as less than about 5 
atomic layers thick. In some embodiments, the adhesion layer 
has a thickness essentially corresponding to an atomic mono 
layer of the bonding metal (Without counting bonded C, N, or 
O atoms). 
[0078] While the adhesion layer in some embodiments, 
may have graded compositions, in many embodiments the 
adhesion layer is cleanly segregated at an interface betWeen 
copper line and the dielectric diffusion barrier layer. The 
alloWable thickness for the adhesion layer Will depend on the 
resistivity of the adhesion layer. In general, the adhesion layer 
is formed, in accordance With the described methods, such 
that a resistance shift of a via is less than about 5%, preferably 
less than about 3%, and even more preferably less than about 
1%. The resistance shift is measured as a difference in resis 
tance of an interconnect Without a adhesion layer versus a 
resistance of an interconnect With a adhesion layer. In some 
embodiments, the alloWable resistance shifts, are achieved by 
forming a adhesion layer With thicknesses not exceeding 20 
A, such as not exceeding 10 A. 
[0079] The adhesion layer, generally may include bonding 
metal in bound or unbound form. In some embodiments, the 
adhesion layer contains substantially all metal in bound 
immobiliZed form, such as in the form that comprises M2-O, 
M2-N, M2-C bonding or combinations thereof. In some 
embodiments, M2-O bond is present, and M2 is selected from 
the group consisting of Al, Ti, Ca, and Mg or from the group 
consisting of Mn, Zn, Sn, and Co. In some embodiments, the 
layers With described bonding also reside on top of the inter 
layer dielectric, and on top of the partially conductive diffu 
sion barrier (e.g., Ta). 
[0080] A dielectric diffusion barrier or etch stop layer 
resides on top of the adhesion layer. The layer, in one embodi 
ment, has a thickness of betWeen about 50-500 A. Conven 
tionally, silicon nitride, and nitrogen-doped silicon carbide 
(N DC) are used for this application. Currently, materials With 
loWer dielectric constants than silicon nitride are often used as 
dielectric diffusion barriers. These materials include carbon 
rich silicon carbide materials, such as those described in 
commonly assigned U.S. patent application Ser. No. 10/ 869, 
474 by Yu et al., ?led on Jun. 15, 2004; boron-doped silicon 
carbide materials described in Us. patent application Ser. 
No. 10/915,117 byYu et al., ?led onAug. 9, 2004 and in Us. 
patent application Ser. No. 11/373,847 by Yu et al. ?led on 
Mar. 8, 2006; and oxygen-doped silicon carbide materials, 
e.g., described in Us. Pat. No. 6,855,645 by Tang et al. issued 
on Feb. 15, 2005. All patent applications that Were mentioned 




















